Clostridium thermoaceticum was cultivated in glucose-limited media, and the dissimilation of CO to acetic acid was evaluated. We found that cultures catalyzed the rapid dissimilation of CO to acetic acid and C02, with the stoichiometry obtained for conversion approximating that predicted from the following reaction: 4CO + 2H20 -O CH3CO2H + 2CO2. Growing cultures formed approximately 50 mmol (3 g) of CO-derived acetic acid per liter of culture, with the rate of maximal consumption approximating 9.1 mmol of CO consumed/h per liter of culture. In contrast, resting cells were found not to dissimilate CO to acetic acid. 14Co was incorporated, with equal distribution between the carboxyl and methyl carbons of acetic acid when the initial cultivation gas phase was 100% CO, whereas 14CO2 preferentially entered the carboxyl carbon when the initial gas phase was 100% CO2. Significantly, in the presence of saturating levels of CO, 14CO2 preferentially entered the methyl carbon, whereas saturating levels of CO2 yielded 14CO-derived labeling predominantly in the carboxyl carbon. These findings are discussed in relation to the path of carbon flow to acetic acid.
Clostridium thermoaceticum (12) is a homoacetate-fermenting bacterium which has been extensively studied for its unique physiological properties and potential applications (23, 25, 30, 38, 39, 42, 44, 46, 47) . Historically, industrial interest in this acetogen stems from its ability to convert 1 mol of glucose in near stoichiometry to 3 mol of acetic acid. However, recent studies also document the potential of C. thermoaceticum to incorporate carbon monoxide (CO) into the acetic acid fermentation pool (5, 15, 16, 19) , thus making this anaerobe an attractive model for studies on the anaerobic bioconversion of synthesis gas, a fossil fuel-derived mixture of CO and H2 and a raw material for industrial chemicals (34, 47) . The occurrence of hydrogenase (6) and H2-dependent synthesis of acetic acid (19, 32, 44) reinforce the potential of this organism for synthesis gas bioconversion.
The present study was designed to assess the capability of glucose-limited cultures of C. thermoaceticum to catalyze the total synthesis of acetic acid from CO.
MATERIALS AND METHODS Cultivation. C. thermoaceticum was cultivated in crimpsealed, 125-ml Wheaton serum bottles (150-ml total volume) containing 40 ml of media. The bicarbonate-phosphatebuffered medium (BPM) used for maintenance of stock laboratory cultures contained the following components in grams per liter: glucose, 18 .0; yeast extract (Sigma Chemical Co.), 5.0; casein hydrolysate (Sigma), 5.0; KH2PO4, 14 .0; K2HPO4, 14 .0; NaHCO3, 18.0; minerals, chelators, and reducers as described previously (27) ; and an initial gas phase of 100% CO2. The glucose-limited phosphate-buffered medium (GLPM) used in CO bioconversion studies was identical to BPM except glucose was decreased to 4.5 g/liter, sodium bicarbonate was omitted, and the phosphate salts were increased to 20.0 g/liter each; initial cultivation gas phases were at 2.0 to 2.5 atmospheres and were as indicated. Phosphate-buffered medium (PM) was GLPM with 18.0 g of glucose per liter. Inoculations (8%, 3.2 ml of inoculum per 40 ml of uninoculated media) were made from mid-to late-log-* Corresponding author.
phase cells, and cultures were incubated at 55°C and shaken at 80 cycles per min. Stock cultures were maintained in BPM, and GLPM was always inoculated from BPM cultures, resulting in slight carry-over of bicarbonate and residual glucose. Resting cell studies were performed in nitrogen-deficient medium (NDM) as described previously (27) .
Analytical procedures. Growth was quantitated as previously described at 600 nm with a Bausch & Lomb Spectronic 88 spectrophotometer (27) , and the pH of the fermentation liquor was measured with a Beckman 3500 pH meter. Glucose was measured with hexokinase-glucose 6-phosphate dehydrogenase (7; Biochemica Information, vol. I, p. 113-114, 1973, Boehringer Mannheim GmbH, Mannheim, West Germany).
H2 and CO were measured by using a Hewlett Packard 5970A gas chromatograph equipped with stainless steel column (2 m by 2 mm) containing Porapak Q 20-100. The chromatographic conditions were as follows: injection port, 175°C; column oven, isothermal at 60°C; thermal conductivity detector, 150°C; 100% N2 carrier gas at a flow rate of 20 ml/min. CO2 was measured under identical conditions with a stainless steel column (2 m by 2 mm) containing molecular sieve 13x 60-80. Solubilities of H2, CO, and CO2 were calculated from standard solubility tables (22) , and the amounts produced or consumed were calculated by taking into account both gas and liquid phases.
Acetic acid was measured by either the acetate kinase assay (36) or by gas chromatography; both procedures yielded equivalent results. Gas chromatographic analysis of acetic acid was performed under the following conditions: column, stainless steel (1 m by 2 mm) containing OV-101; injection port, 225°C; column oven, isothermal at 140°C; flame ionization detector, 350°C; 100% N2 carrier gas at a flow rate of 20 ml/min. Cell-free fermentation liquor was acidified with an equal volume of 25% phosphoric acid before injection of a 0. 1-,ul sample for analysis of acetic acid. Formic acid was determined colorimetrically (20) .
'4C-acetic acid was purified as previously described (15) and degraded by the azide decarboxylation method (33) . The authenticity of the degradation procedure was confirmed with known [1-14C] and [2-14C] 
RESULTS
Development of GLPM for studies on CO utilization. BPM was found unsuitable for the study of CO utilization since the high concentration of bicarbonate in BPM (i) yielded inhibitory alkaline pHs when non-CO2 cultivation gas phases were utilized and (ii) produced significant quantities of bicarbonate-derived CO2 in non-CO2 cultures, thus making less accurate assessment of the CO-derived product profile. Likewise, although we subsequently demonstrated that CO was consumed by PM cultures, the high concentration of glucose-derived acetic acid in PM fermentations did not facilitate reliable appraisal of CO-derived acetic acid and other CO-derived products.
In effort to circumvent these difficulties, GLPM was developed by decreasing the amount of glucose in PM by 75% to 4.5 g/liter. CO was observed to be rapidly consumed under these conditions during log growth, the rate of maximal CO consumption approximating 9.1 mmol of CO consumed per h/liter of culture ( Fig. 1 ).
Product profiles with GLPM. In homoacetate fermentation, glucose is converted to acetic acid according to the following reaction:
Thus, during heterotrophic fermentation, there is total conservation of both carbon and reductant in acetic acid. This is not possible in the autotrophic synthesis of acetic acid from CO since for every mole of acetic acid synthesized from CO, 2 mol of CO must be converted to CO2 to generate the reductant required for synthesis of methyltetrahydrofolate, the precursor of the methyl group of acetic acid (9, 15) . Thus, the theoretical stoichiometry for CO bioconversion is:
4CO + 2H20 --CH3CO2H + 2CO2 Table 1 outlines typical product profiles obtained when C. thermoaceticum was cultivated in GLPM. When the initial cultivation gas phase was 100% CO2 (culture A), 2.1 mol of acetic acid was produced per mol of glucose consumed. This was less than the theoretical maximum of 3, which has recently been approached in pH-controlled batch cultures (39, 42) , and also lower than the 2.3 to 2.7 typically observed in standard batch culture (12) . Indeed, PM fermentations yielded stoichiometries approximating 2.5 (data not shown). Since GLPM contains 75% less glucose, it is possible that a larger percentage of glucose-derived carbon is shunted towards biosynthesis. Additionally, as illustrated in Fig. 1 (3) Thus, whereas it was predicted (above) that 50% of CO-derived carbon would be converted to acetic acid, under these conditions only 40% conversion was observed. Likewise, the amount of carbon recovered as CO2 was also slightly less (14) . Consistent with previous findings, H2 was produced by CO cultures (17, 27) . However, whereas resting cells are competent in H2 formation (27) , no appreciable conversion of CO to acetic acid was observed with resting cells (data not shown). It was therefore concluded that under these conditions growth was prerequisite for acetogenic conversion of CO to acetic acid.
14C distribution studies. To confirm the total synthesis of acetic acid from CO, 14C tracer studies were performed (Table 2) . When the initial cultivation gas phase was 100% 14CO, the label in acetic acid was equally distributed between the carboxyl and methyl carbons (culture C), thus demonstrating total synthesis of acetic acid from CO in GLPM fermentation. In close agreement with the stoichiometry predicted from reaction 2, 46.3% of the initial 14CO was recovered in acetic acid. Minimal incorporation (1.8%) of 14CO into biomass was observed.
As shown in culture D, when the initial cultivation gas phase was 100% CO2, 14CO2 preferentially entered the carboxyl carbon of acetic acid. It 
Sum:
2CH3CO*CO2H + 4H -* 2CH3CO2H + *CH3*CO2H (8) where THF is tetrahydrofolate. However, as seen in Table  2 , culture D, t4CO2 cultures did not yield equally labeled acetic acid. This finding, i.e., that glucose-fermenting cultures incorporate CO2 preferentially into the carboxyl carbon of acetic acid, is consistent with those previously reported (2, 43) but inconsistent with that predicted in reactions 4 through 8. We believe this apparent discrepancy indicates that the flow of glucose-derived carbon to the carboxyl and methyl sides of acetic acid is dissimilar at the level of pyruvate; this is illustrated in Fig. 2 . Studies with purified enzymes clearly demonstrate that the enzyme catalyzing the exchange between CO2 and the carboxyl carbon of pyruvate is part of the multienzyme system which synthesizes acetyl-coenzyme A (CoA) from pyruvate and methyltetrahydrofolate (8, 9) . Thus, it is possible that the pyruvate which undergoes transcarboxylation (i.e., the "carboxyl path" pyruvate) is more susceptible to exchange with CO2 than is the pyruvate which undergoes decarboxylation (i.e., the "methyl path" pyruvate). Since the transcarboxylation and decarboxylation reactions are quite different, it stands to reason that they Fig. 2 for the flow of CO-derived carbon in the methyl path. Route 1 predicts that CO passes through free C02, whereas route 2 does not. Assuming CO passed through free CO2 en route to the methyl side of acetic acid (CO does not pass through free CO2 en route to the carboxyl carbon [15] ), CO-derived label would become susceptible to exchange with the pyruvate derived from unlabeled glucose and thus yield unequally labeled acetic acid, i.e., acetic acid with a higher percentage of CO-derived carbon in the carboxyl group. This was not observed (culture C) and would seem to favor the idea that, in vivo, CO may not exclusively pass through free CO2 en route to the methyl side of acetic acid. Such a pathway would be in contrast to that of Butyribacterium methylotrophicum in which CO appears to pass through free CO2 en route to the methyl carbon of acetic acid (18) as well as the carboxydotrophs (29) and CO-utilizing phototrophs (41) which assimilate CO-derived CO2 via the ribulosebisphosphate cycle. It is of further interest to note that current evidence indicates that methanogenic synthesis of acetic acid is mechanistically similar to that of acetogens (40).
However, it has been demonstrated with purified enzymes that CO dehydrogenase does not couple with tetrahydrofolate enzymes, suggesting that formate dehydrogenase is required to mediate passage of CO dehydrogenase-generated CO2 (4) . A recent study with C. thermoaceticum confirms this labeling pattern when traces of14CO are cofermented in C02-saturated glucose cultures (3).
In addition to the pyruvate-CO2 exchange, an exchange between CO and carbon 1 of acetyl-CoA has also been observed with purified enzymes and cell extracts (15, 35) . Such an exchange should favor the formation of carboxyllabeled acetic acid during cofermentation of 14CO and unlabeled glucose. Because this was not observed (culture C), it is likely that CO uptake is concomitant with CO dissimilation, and that significant concentrations of free CO do not exist intracellularly. Hence, the CO-acetyl-CoA exchange may not occur appreciably in vivo. That CO is not lethal to C. thermoaceticum and that CO dehydrogenase constitutes a large portion (2%) of the soluble protein in C. thermoaceticum (35) , substantiates possible CO dehydrogenase-dependent detoxification of CO. A recent study demonstrated that C. thermoaceticum could grow at the expense of CO (19) . However, the undefined medium utilized to cultivate the organism contained high levels of organic carbon and the true autotrophic potentials of C. thermoaceticum remained undefined. Subsequent work with a defined minimal medium showed that glucose could serve as the sole source of carbon and energy (26) , thus demonstrating that C. thermoaceticum has considerable anabolic potential. The present study further documents the potential of this acetogen to catalyze the total autotrophic synthesis of acetic acid from CO. Whether the organism can grow autotrophically with CO as the sole carbon and energy source remains to be shown.
Significantly, route 1 (Fig. 2B) 
